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Kinesinsuperfamilymotorprotein17 (KIF17) isacandi-
date transporter of N-methyl-D-aspartate (NMDA)
receptor subunit 2B (NR2B). Disruption of the murine
kif17 gene inhibits NR2B transport, accompanied by
decreased transcription of nr2b, resulting in a loss of
synaptic NR2B. In kif17/ hippocampal neurons, the
NR2A level is also decreased because of accelerated
ubiquitin-proteasome system-dependent degrada-
tion. Accordingly, NMDA receptor-mediated synaptic
currents, early and late long-term potentiation, long-
termdepression, andCREB responses are attenuated
inkif17/neurons, concomitantwithahippocampus-
dependent memory impairment in knockout mice. In
wild-type neurons, CREB is activated by synaptic
inputs, which increase the levels of KIF17 and NR2B.
Thus, KIF17 differentially maintains the levels of
NR2A and NR2B, and, when synapses are stimulated,
the NR2B/KIF17 complex is upregulated on demand
through CREB activity. These KIF17-based mecha-
nisms for maintaining NR2A/2B levels could underlie
multiple phases of memory processes in vivo.
INTRODUCTION
The kinesin superfamily (KIF) of proteins consists of microtubule-
based motor proteins acting in the transport of membrane
organelles, protein complexes, and mRNAs (Hirokawa et al.,
2010; Schliwa, 2002). All superfamily members share a common
globular motor domain, which contains microtubule-binding and
ATP-binding sequences. The remaining portions of the KIFs are
greatly diverged, presumably allowing association with multiple
classes of cargo molecules (Hirokawa and Takemura, 2005). A
total of 45 murine and human KIFs have been identified so far
and classified into 14 large families, termed kinesin 1 to 14 (Law-
rence et al., 2004; Miki et al., 2001). Of particular interest is that
some KIFmembers are implicated in the transport of neurotrans-
mitter receptors. Among them, kinesin superfamily protein 17
(KIF17), a molecular motor expressed abundantly in mammalian310 Neuron 70, 310–325, April 28, 2011 ª2011 Elsevier Inc.neurons, is suggested to transport N-methyl-D-aspartate
receptor subunit 2B (NR2B)-containing vesicles in neuronal
dendrites (Hirokawa et al., 2010; Setou et al., 2000).
The N-methyl-D-aspartate (NMDA) receptor channel, which is
highlypermeable tocalcium ions, functionsasaswitch formemory
formation by gating synaptic plasticity (Rampon et al., 2000; Tang
et al., 1999; Tsien et al., 1996). It is composed of hetero-oligomers
of NR1, NR2, and, occasionally, NR3 subunits (Carroll and Zukin,
2002; Dingledine et al., 1999). In the adult mouse hippocampus,
NR2A and NR2B are the predominant NR2 subunits, and the
pattern of their combination and dynamic regulation determines
many of the biophysical and pharmacological properties of
NMDA receptors (Lau and Zukin, 2007; Monyer et al., 1994;
Watanabeet al., 1993). At synapses in thebrain, activationof post-
synaptic NMDA receptors triggers complex events, including
cAMP-response element binding protein (CREB)-dependent tran-
scription, which has been implicated in the memory systems of
organisms ranging from Aplysia to mammals (Bourtchuladze
et al., 1994; Impey et al., 1998; Mizuno et al., 2002; Pittenger
et al., 2002). Importantly, before exerting their physiological roles,
newly synthesized NMDA receptors must be transported into
dendrites and localized to synapses. Thus, the intracellular traf-
ficking and synaptic targeting of NMDA receptors should be one
of the prerequisites for NMDA receptor activity (Lau and Zukin,
2007; O’Brien et al., 1998). However, little is known about the
precise roles andmechanismsofNMDA receptor transport in vivo.
In the present study, we determined that KIF17 is critical to
maintain NR2A/2B levels in different manners and that it is
required for multiple processes of long-term memory formation
in the mammalian brain. Furthermore, we found that NR2B
receptor supply is augmented on demand through a reciprocal
interaction between CREB and NR2B/KIF17. Thus, our data
suggest that KIF17 is critical for a complex regulatory mecha-
nism involving cargo transport, nuclear transcriptional signaling,
and protein degradation that controls the levels of NR2A/2B.
RESULTS
Reduced Levels of Hippocampal NR2 Subunits
in kif17–/– Mice
We generated mice with a disrupted kif17 gene using a poly(A)
trap strategy (see Figures S1A–S1C available online). Absence
Figure 1. Biochemical Analysis
(A) KIF17 interacts with NR2B but not with NR2A in immunoprecipitation
experiments using hippocampal extracts.
(B) Immunoblots of KIF17, NR2B, and other associated proteins in hippo-
campal (HP) extracts. Data are expressed as means ± SEM (*p < 0.05; two-
tailed t test).
(C) Analysis of mRNA by semiquantitative RT-PCR. Data are expressed as
means ± SEM (*p < 0.05; two-tailed t test).
(D–F) mRNA stability assay. Samples for RNA analysis were collected after 0,
6, 12, and 24 hr of actinomycin-D (Act D, 10 mg/ml) treatment. Data are
representative of three separate experiments. Values are expressed as
means ± SEM.
(G) Expression of NR2B, NR2A, and other synaptic proteins in synaptosomal
membrane fractions. Data are expressed as means ± SEM from three inde-
pendent experiments (*p < 0.05; two-tailed t test).
See also Figures S1 and S2.
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with a polyclonal antibody against KIF17 (Figure S1D). The
kif17/ mice grew normally without any gross anatomical
defects in brain (Figures S1E–S1G).
Immunoprecipitation demonstrated that KIF17 interacts with
NR2B but not with NR2A in hippocampal extracts (Figure 1A;
Setou et al., 2000). The level of NR2B protein in the hippocampiof kif17/ mice was decreased to 42% of that in kif17+/+ mice
(Figure 1B). There was also a reduction in the levels of NR2A
and Mint1 (a scaffolding protein that binds to KIF17 to mediate
NR2B transport; Setou et al., 2000), but no change in the levels
of other related proteins (Figures 1B and S2A). The levels of
nr2b mRNA in the hippocampi of kif17/ mice were decreased
compared with those in control mice, but the levels of nr2a
mRNA were not (Figure 1C). An RNA stability assay, using
cultured hippocampal neurons treated with actinomycin D
(10 mg/ml, an inhibitor of mRNA transcription), revealed no differ-
ence in the half-lives of both NR2B mRNA and NR2A mRNA
between kif17+/+ and kif17/ neurons (Figures 1D–1F). Immuno-
reactivities for NR2B and NR2A in the hippocampal CA1 region
of kif17/ mice were reduced compared with those in control
mice (Figure S2B, upper panel andmiddle panel). Biochemically,
kif17 deletion reduced the levels of NR2B and NR2A in synapto-
somal membrane fractions by 43% and 22%, respectively,
compared with those in kif17+/+ mice (Figures 1G, S2C, and
S2D). These data indicate that the amounts of synaptic NR2B
and NR2A are decreased in kif17/ mouse hippocampal
neurons.
Loss of Synaptic NR2 Subunits in kif17–/– Neurons
To study NR2B/2A localization in kif17+/+ and kif17/ mouse
neurons in detail, we performed immunocytochemistry using
hippocampal cultures. The lack of KIF17 resulted not only in
a decreased density of NR2B/2A-positive clusters along
dendrites, but also in a reduced size of NR2B/2A clusters in
neurons (Figures 2A–2F). The synaptic loss of NR2B/2A was
rescued by expressing GFP-tagged wild-type KIF17 vector
(SSS-17), but not by expressing a vector encoding aGFP-tagged
mutated KIF17 that does not bind to cargoes (SDS-17; Guillaud,
et al., 2008; Figure S3). In contrast, overexpression of NR2B
could not rescue the synaptic loss of NR2A in kif17/ neurons,
suggesting that KIF17-mediated NR2B trafficking is required to
maintain the synaptic level of NR2A (Figure S4). We also exam-
ined the localization of Mint1, and a redistribution of Mint1 out
of synapses, with accumulation in the soma, was observed in
kif17/ mouse neurons (Figures S5A–S5C). The synapse
density and the localizations of synaptophysin, GluR1, and
cyclic-nucleotide gated ion channel (CNGA2, a candidate
KIF17 cargo; Jenkins et al., 2006) were unchanged in kif17/
mouse neurons (Figures 2A, 2D, and S5D–S5K). These results
suggest selective reductions in the number of NR2B/2A-contain-
ing synapses and the amount of synaptic NR2B/2A in the
dendrites of kif17/ mouse neurons.
Altered NR2B Transport in kif17–/– Neurons
Next, we investigated the possible alteration in receptor traf-
ficking in kif17/ mouse neurons by live imaging of NR2
subunits tagged with EGFP (Barria and Malinow, 2002). NR2B-
EGFP or NR2A-EGFP was coexpressed along with untagged
NR1 (splice variant NR1-1a) in cultured hippocampal cells
because assembly with the NR1 subunit is essential for NR2
subunits to be transported from cell bodies to synapses (Fukaya
et al., 2003). NR2B and NR2A were overexpressed to similar
extents in kif17+/+ and kif17/ neurons (Figures S6A and S6B).
Time-lapse recordings revealed that most NR2B clusters (90%)Neuron 70, 310–325, April 28, 2011 ª2011 Elsevier Inc. 311
Figure 2. Localization and Dynamics of NR2B/2A in Dendrites
(A–F) Representative images of dendrites double-stained with anti-synaptophysin/NR2B (A) and anti-synaptophysin/NR2A (D). Quantification of the density and
size of NR2B-positive clusters (B and C) and NR2A-positive clusters (E and F). The scale bar represents 10 mm. Data are expressed as means ± SEM (*p < 0.05;
two-tailed t test).
(G–J) Analysis of NR2B-EGFP dynamics. (G) Time-lapse images of NR2B-EGFP clusters along dendrites. Red arrowheads, nonmobile clusters. Yellow arrows,
anterogradely moving clusters. The scale bar represents 5 mm. (H) Kymographs. (I) Classification of motility (p < 0.001; Chi-square test). (J) Velocities for
anterograde (Antero) and retrograde (Retro) movement of clusters.
(K–N) Analysis of NR2A-EGFP dynamics. (K) Time-lapse images of NR2A-EGFP clusters along dendrites. Red arrowheads, nonmobile clusters. Yellow arrows,
anterogradely moving clusters. The scale bar represents 5 mm. (L) Kymographs. (M) Classification of motility (p = 0.94, Chi-square test). (N) Velocities for
anterograde and retrograde movement of clusters.
For quantification, 21 neurons from four mice were examined for each genotype. Values are expressed as means ± SEM (*p < 0.05; two-tailed t test). See also
Figures S3–S6 and Movies S1 and S2.
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Molecular Motor KIF17 in Memory Formationwere moving in kif17+/+ neurons (Figures 2G–2J; Movie S1).
Motility was categorized into three groups (vibrating, antero-
grade, and retrograde) (Figure 2I). The velocity of anterogradely312 Neuron 70, 310–325, April 28, 2011 ª2011 Elsevier Inc.transported clusters in kif17+/+ neurons was 0.71 ± 0.04 mm/s
(Figure 2J), which is comparable to that of KIF17 movement
described in a previous report (Guillaud et al., 2003). By contrast,
Neuron
Molecular Motor KIF17 in Memory Formationin kif17/ neurons, fewer NR2B-EGFP clusters (49%) were
mobile (Figure 2I) and the velocity of anterogradely transported
clusters was decreased (0.22 ± 0.02 mm/s) (Figure 2J) compared
with that in kif17+/+ neurons. Cell-surface expression of NR2B-
EGFP in kif17/ neurons was reduced compared with that in
kif17+/+ neurons (Figures S6C and S6D). On the other hand,
movement of NR2A-EGFP was not affected by disruption of
the kif17 gene (Figures 2K–2N; Movie S2). Together, these data
suggest that transport of NR2B is impaired in kif17/ mouse
neurons but that of NR2A is unchanged.
Differential Downregulation of NR2B/NR2A Levels
in kif17–/– Mouse Neurons
To further gain insight into the molecular events underlying the
changes in the levels of NR2A/NR2B in kif17/ mice, we first
examined the turnover rate of NR2 subunits in kif17/ hippo-
campal cultures treated with cycloheximide (20 mg/ml), a transla-
tional inhibitor (Hatanaka et al., 2006). Cycloheximide treatment
did not affect cell viability, as revealed by 5-chloromethylfluores-
cein diacetate (CMFDA) labeling (data not shown). The half-life of
NR2A was significantly decreased, but that of NR2B was
unchanged in kif17/ mouse neurons (Figures 3A–3C). These
findings suggest that the level of NR2B in kif17/ neurons is
downregulated at a transcriptional level (Figures 1C–1F), but
that of NR2A is downregulated at a posttranslational level.
Ubiquitin targets many neuronal proteins for degradation by
the proteasome or lysosome complexes and thereby partici-
pates in the regulation of synaptic function (Tai and Schuman,
2008; Yi and Ehlers, 2007). We addressed whether ubiquitination
is involved in NR2A degradation. NR2A was immunopurified
from hippocampal neuronal lysates and probed for ubiquitin.
Obvious NR2A polyubiquitin labeling was detected in MG132
(a proteasomal inhibitor)-treated wild-type cells (Figure 3D), indi-
cating that NR2A is degraded through the ubiquitin-proteasome
pathway. Furthermore, in kif17+/+ hippocampal cultures treated
with cycloheximide, a reduction in NR2 subunit protein levels
was prevented by two different proteasomal inhibitors (lactacys-
tin, 10 mM, and MG132, 10 mM), but not by lysosomal inhibitors
(leupeptin, 100 mg/ml, or chloroquine, 200 mM) (Figures
3E–3G). Strikingly, the rapid reduction in NR2A protein level in
kif17/ neurons was inhibited by blocking proteasome activity
(Figures 3E and 3F). We next visualized the degradation
dynamics of NR2A/2B using NR2A-PA-GFP or NR2B-PA-GFP
(NR2A or NR2B fused with a photoactivatable GFP [PA-GFP];
Patterson and Lippincott-Schwartz, 2002). After being intro-
duced into hippocampal neurons, NR2A-PA-GFP was photoac-
tivated, and the progressive loss of the fluorescence was
observed over time in the cell bodies and dendrites of kif17+/+
neurons (Figures 3H, 3I, 3K, and 3L). There was no significant
difference in the course of NR2A-PA-GFP signal attenuation in
the cell body between genotypes (Figures 3H and 3K). However,
in the dendritic regions of kif17/ neurons, NR2A-PA-GFP
signal was attenuated much more rapidly than in those of
kif17+/+ neurons (Figures 3I and 3L). On the other hand, photoac-
tivated NR2B-PA-GFP signals exhibited comparable levels of
fluorescence loss at each imaging time in kif17/ neurons
compared with kif17+/+ neurons, either within the soma or in
dendrites (Figure S7). Consistent with the biochemical analysispresented above (Figures 3E and 3F), treatment with MG132
slowed the loss of fluorescence from NR2A-PA-GFP in kif17+/+
neuronal synapses and prevented the rapid attenuation of
NR2A-PA-GFP signals in kif17/ synapses (Figures 3J and
3M). These observations suggest that the ubiquitin-proteasome
system-dependent loss of NR2A is accelerated in the dendrites
of kif17/ mouse neurons.
Next, we examined the functional relationships betweenNR2A
and NR2B, because recent work has shown that the synaptic
localizations of NR2A and NR2B correlate with each other in
neurons under activity-dependent regulation and also that
NR2B is essential to maintain NR2A level in neurons (Barria
and Malinow, 2002; Kim et al., 2005). We developed an NR2B
miRNA construct that effectively reduced the level of endoge-
nous NR2B in primary hippocampal neurons (Figures 4Aa–4Af
and 4C). NR2A immunoreactivity was remarkably suppressed
in neurons in which NR2B was knocked down (Figures 4Ba–
4Bf and 4D; Kim et al., 2005). To determine whether the
ubiquitin-proteasome pathway is required for the NR2B
miRNA-induced loss of NR2A, we treated NR2B miRNA-trans-
fected cells with the proteasome inhibitor lactacystin and moni-
tored the NR2A level immunocytochemically. Importantly, NR2A
localization in neurons was restored in the presence of the pro-
teasome inhibitor (Figures 4Bm–4Br and 4D), suggesting that
the downregulation of NR2A following NR2B knockdown is
dependent on the ubiquitin-proteasome system. On the other
hand, chronic blockade of neuronal activity by ifenprodil (3 mM)
or TTX (1 mM) caused a significant decrease in NR2A levels in
cultured hippocampal neurons, whereas NR2B levels were
increased by prolonged activity blockade (Figures 4G and 4H).
To test the possibility that ubiquitin-dependent degradation is
also involved in the decrease in NR2A level caused by activity
blockade, NR2A subunits were immunoprecipitated from lysates
of cultures treated simultaneously with ifenprodil (3 mM) and acti-
nomycin D (10 mg/ml) for 24 hr and probed for ubiquitin. Treat-
ment of neurons with ifenprodil and actinomycin-D increased
the abundance of ubiquitinated NR2A relative to the levels in
neurons treated with actinomycin-D alone (Figure 4I). Consis-
tently, examination of total cell extracts showed a loss of NR2A
protein following ifenprodil and actinomycin D treatment, which
was not seen following of neurons with actinomycin D alone
(Figures 4J and 4K). These results suggest that the ubiquitin
pathway participates in this activity-regulated decrease in the
levels of NR2A.
Impaired NMDA-Mediated Synaptic Currents
and Plasticity in kif17–/– Mice
To evaluate the functional changes in kif17/ mouse neurons,
we performed electrophysiological analysis of acute slices
from the hippocampal CA1 region. The input-output relation-
ships between Schaffer collateral fiber excitability and the slopes
of field excitatory postsynaptic potentials (fEPSPs) (Figure 5A),
paired-pulse facilitation (PPF) (Figure 5B), and the current-
voltage relationships of NMDA receptor channel currents (Fig-
ure 5C) were not different between kif17+/+ and kif17/ slices.
Importantly, NMDA receptor-mediated excitatory postsynaptic
currents (EPSCs), expressed as the ratio of NMDA to AMPA
EPSC amplitudes (Sakimura et al., 1995), were reduced inNeuron 70, 310–325, April 28, 2011 ª2011 Elsevier Inc. 313
Figure 3. Degradation Analysis of NR2A in kif17+/+ and kif17–/– Hippocampal Neurons
(A–C) Half-lives of NR2B (A and B) and NR2A (A and C) in neurons treated with cycloheximide (CHX, 20 mg/ml) for 0, 6, 12, and 24 hr, respectively. Data were
obtained from six independent experiments. Values are the average signal intensities (mean ± SEM) for NR2A and NR2B standardized to the signal intensity of
tubulin and normalized to 100% at time 0.
(D) Ubiquitination of NR2A. Hippocampal cultured neurons were treated withMG132 for 24 hr and lysed. Lysateswere purifiedwith NR2A antibody or nonimmune
IgG, and these immunoprecipitates were blotted with anti-ubiquitin antibody.
(E–G) Acceleration of NR2A degradation in kif17/ mouse neurons was prevented by blocking proteasome activity. (E) Representative immunoblots of lysates
from kif17+/+ and kif17/ hippocampal cultures incubated with CHX for 24 hr, in the presence or absence of lysosomal inhibitors (Leu, leupeptin, 100 mg/ml; CLQ,
Neuron
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Molecular Motor KIF17 in Memory Formationkif17/ slices (49.8% ± 2.3%, n = 12) compared with kif17+/+
slices (74.3% ± 2.3%, n = 12) (Figures 5D and 5E). To assess
the difference in the subunit compositions of NMDA receptors
between genotypes, we treated hippocampal sliceswith ifenpro-
dil (3 mM, a blocker of NMDA receptors containing the NR2B
subunit). In slices derived from kif17+/+ mice, application of ifen-
prodil reduced NMDA receptor-mediated EPSCs by 46.6% ±
1.3%. By contrast, application of ifenprodil had a smaller effect
on NMDA receptor-mediated EPSCs in kif17/ slices (Figures
5D and 5E). Likewise, a more specific NR2B antagonist,
Ro25–6981 (5 mM), elicited a much greater decrease in NMDA
EPSCs in CA1 pyramidal neurons from kif17+/+ mice than in
those from kif17/ mice (Figures 5D and 5E). The ratio of
ifenprodil- or Ro25–6981-resistant NMDA receptor-mediated
EPSCs to all NMDA receptor-mediated EPSCs in kif17/ slices
was significantly increased compared with that in kif17+/+ slices,
indicating that the relative contribution of NR2B is decreased in
kif17/ mouse neurons (Figures 5D–5F).
We next examined NMDA receptor-dependent synaptic plas-
ticity in kif17/mice. First, we compared the levels of early long-
term potentiation (E-LTP), which was induced by a single train of
tetanus (100Hz for 1 s) and is thought to be a localmodification in
the stimulated synapses (Frey and Morris, 1997). A decrease in
E-LTP was observed in kif17/ slices compared with kif17+/+
slices (LTP magnitude at 60 min, kif17+/+: 155.6% ± 5.3%, n =
12; kif17-/: 103.0% ± 5.0%, n = 12) (Figure 5G). Second, we
examined late LTP (L-LTP), characterized by its dependency
on protein and mRNA synthesis (Frey and Morris, 1997; Martin
et al., 2000), which was induced by four trains of tetanus deliv-
ered 5min apart. In accordancewith prior reports (Costa-Mattioli
et al., 2007; Kelleher et al., 2004), treatment of control slices with
anisomycin and actinomycin-D caused distinct patterns of inhi-
bition of L-LTP (Figure 5H). In slices from kif17+/+ mice, the stim-
ulation elicited a sustained L-LTP, whereas kif17/ slices
exhibited a progressively decaying potentiation throughout the
duration of recording (L-LTP magnitude at 210 min, 187.4% ±
11.0% in kif17+/+, n = 8, versus 115.9% ± 7.0% in kif17/, n =
8) (Figure 5I). Finally, we examined long-term depression (LTD),
a different form of synaptic plasticity. A low frequency train of
1 Hz for 15min failed to evoke LTD in kif17/ slices (fEPSP slope
at 45 min after train, 84.4% ± 5.9% in kif17+/+, n = 12, versus
109.5% ± 8.9% in kif17/, n = 12) (Figure 5J). In summary,
our electrophysiological analysis suggests that the kif17/
mice have a defect in NMDA-dependent synaptic activity and
related neuronal plasticity.Kif17–/– Mice Exhibit Memory Deficits
Next, we conducted various memory tasks to evaluate the
learning abilities of kif17/ mice. We first measured the recog-
nitionmemory of kif17/mice using the novel object recognitionchloroquine, 200 mM), or proteasomal inhibitors (Lac, lactacystin, 10 mM; MG132,
Data (means ± SEM) were calculated from values obtained from six independen
(H–M) NR2A degradation was accelerated in the dendrites of kif17/ hippocampa
dendrites (I) of neurons displayed at 60min intervals after photoactivation (photoa
kif17/ dendrites (as represented by red arrows) than in kif17+/+ dendrites. MG1
(K–M) Quantification of the normalized fluorescence intensity in (H)–(J). Values a
See also Figure S7 for the results of the NR2B-PA-GFP experiments.task, which is thought to be dependent on hippocampal function
(Cassaday and Rawlins, 1997; Myhrer, 1988; Tang et al., 1999).
Two groups of mice spent the same amount of time exploring
two identical objects during training sessions (Figure 6A),
revealing a normal level of locomotor activity and curiosity in
kif17/ mice. After training, the mice were sequentially tested
at multiple retention intervals. The kif17+/+ and kif17/ mice
showed similar preferences for the novel object in the 30 min,
1 hr, and 2 hr retention tests (Figure 6B). By contrast, in the
6 hr and 1 day retention sessions, kif17+/+ mice showed a signif-
icant preference for the novel object, whereas kif17/ mice
exhibited decreased preference for the novel object (Figure 6B;
Movie S3).
Next, we subjected kif17/mice to theMorriswatermaze (Sa-
kimura et al., 1995; Silva et al., 1992) to test their hippocampus-
dependent spatial learning abilities. Both groups of mice swam
at a normal velocity (Figure 6C). In the visible-platform test,
kif17/mice performed as efficiently as kif17+/+mice. However,
in the hidden-platform test, kif17/ mice displayed a longer
latency to locate theplatform than kif17+/+mice (Figure 6D;Movie
S4). In the subsequent probe test, the navigation of kif17/mice
was random, and their searching in the target quadrant was not
as selective as that of the kif17+/+ mice (Figures 6E and 6G).
Furthermore, the kif17/ mice crossed the platform less often
than the kif17+/+ mice (Figures 6F and 6G).
We next tested contextual fear memory by assessing the
freezing behavior of mice in the same environmental context
(Bourtchuladze et al., 1994). Contextual fear memory is depen-
dent on the hippocampus (Kim and Fanselow, 1992; Phillips
and LeDoux, 1992). No difference in freezing between kif17+/+
and kif17/ mice was indicated immediately after the foot
shock. However, kif17/ mice exhibited far fewer freezing
responses than kif17+/+ mice when they were tested at 1 hr,
24 hr, and 7 days after training (Figures 6H–6M;Movie S5). These
findings indicate that kif17/mice have a deficit in their context-
dependent fear memory.
We also compared olfactory learning abilities between kif17+/+
and kif17/ mice, because it is reported that OSM-3,
a C. elegans homolog of KIF17, is an ‘‘accessory’’ intraflagellar
transport (IFT) motor that is required for olfactory cyclic nucleo-
tide-gated channel targeting (Evans et al., 2006; Jenkins et al.,
2006). We did not find any abnormality in the olfactory learning
of kif17/ mice compared with kif17+/+ mice (data not shown).
Together, our behavioral observations demonstrate a hippo-
campus-dependent memory disturbance in kif17/ mice.Functional Link between the KIF17/NR Complex
and CREB
To investigate how a downstream event induced by NMDA
receptor activation is altered in kif17/ neurons, we studied10 mM). (F and G) Quantification of the results of the experiments shown in (E).
t experiments.
l neurons. (H–J) Time-lapse images of NR2A-PA-GFP in the cell bodies (H) and
ctivation at time 0). Reduction in the levels of NR2A-PA-GFP wasmuch faster in
32 (10 mM) treatment prevented this effect (J). The scale bar represents 10 mm.
re expressed as means ± SEM (*p < 0.05; two-tailed t test).
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Molecular Motor KIF17 in Memory Formationphosphorylation of cAMP-response element binding protein
(CREB). Our previous results suggest a functional interaction
between KIF17 and CREB (Wong et al., 2002). We assessed
thephosphorylation ofCREBatS133 (pCREB),which canbe trig-
gered through NMDA receptor-mediated calcium influx (Lonze
and Ginty, 2002; West et al., 2002; Zhu et al., 2002), in hippo-
campal cultures after glutamate-induced stimulation. Immuno-
cytochemical analysis revealed similarly low basal pCREB levels
in untreated kif17+/+and kif17/neurons.Bycontrast, glutamate
treatment induced a higher level of pCREB staining in kif17+/+
neurons, whereas only faint staining was observed in kif17/
cells (Figures 7A–7C). Addition of APV into the medium sup-
pressed CREB activation (Figure 7A). To determine the relative
importance of NR2A/2B deficiency to the activation of CREB,
we conducted a rescue experiment by overexpression of NR2A
orNR2B in kif17/mousehippocampal neurons. Theattenuated
CREB phosphorylation in kif17/ neurons was partially rescued
by overexpression of NR2A in knockout cells (Figures S8A, S8C,
and S8D), possibly reflecting a partial contribution of NR2A to
CREB activation. However, overexpression of NR2B in kif17/
neurons did not rescue the impaired CREB responses (Figures
S8A,S8C, andS8D) becauseof thedefective transport of overex-
pressed NR2B in kif17/ neurons (Figures S8B and S8C). The
synaptic lossofNR2A remained in kif17/neurons overexpress-
ing NR2B (Figure S4). Expression of KIF17-GFP successfully
rescued the attenuated CREB responses in kif17/ neurons
(Figures S8A, S8C, and S8D), indicating a critical role of KIF17-
mediated receptor trafficking in maintaining CREB activation.
To study the physiological relevance of the results, we next
compared changes in pCREB levels between the hippocampi
of kif17+/+ and kif17/ mice during spatial memory formation.
CREB activation, as assessed by immunohistochemistry, was
equally low in naive and visible platform-trained kif17+/+
/kif17/ mice. In the hippocampal CA1 (Figures 7D and 7E),
CA3 (Figures 7F and 7G), and DG (Figures 7H and 7I) regions
of kif17+/+ mice, hidden-platform training induced a prominent
increase in pCREB levels which, although enhanced in kif17/
mice, occurred to a lesser extent in kif17/ mice than kif17+/+
controls. Together, these data suggest that CREB phosphoryla-
tion in response to synaptic activity is dependent on KIF17 in
cultured neurons and in the brain in vivo.
Next, we examined the levels of pCREB, KIF17, NR2A, and
NR2B before and after water maze training. In naive mice, weFigure 4. NR2AExhibits Ubiquitin-ProteasomeSystem-SensitiveDown
(A–F) Knockdown of NR2B. Hippocampal neurons at 7 d.i.v. were cotransfected w
48 hr after transfection, neurons were fixed and stained with NR2B and NR2A a
dendrites (arrows, d–f) of neurons transfected with NR2B miRNA (NR2B miR). C
miR-re, g–l) restored the NR2B localization in neurons. The scale bar represent
dendrites (arrows, d–f) of neurons transfected with NR2B miRNA, in the absenc
Quantification of NR2B and NR2A signals. (E and F) Assessment of the efficiency o
together with NR2B miRNA or scrambled miRNA (SC miR) vector. Immunoblot a
(G and H) Effects of pharmacological blockade of neuronal activity on NR2A exp
(1 mM) for 7 days in culture.
(I–K) Effects of pharmacological blockade of neuronal activity on NR2A ubiquitinat
and with or without ifenprodil (Ifen, 3 mM) for 24 hr, and NR2A was immunoprec
immunoblotted for NR2A and KIF5B.
For all statistical analysis, data (means ± SEM) were obtained from three indepeobserved a slight reduction in hippocampal pCREB levels in
kif17/ mice compared with kif17+/+ mice (Figures 7J and 7K).
After water maze training, the levels of pCREB, KIF17, NR2B
and NR2A increased in kif17+/+ mice, but those of KIF5B, total
CREB, and tubulin did not (Figures 7J and 7K). This increase in
pCREB, NR2B, and NR2A levels was not observed in kif17/
mouse brains (Figures 7J and 7K). These data suggest that the
levels of NR2A, NR2B and KIF17 are upregulated in response
to synaptic inputs.
To further examine the transcriptional control mediated by
CREB, we tested the effects of constitutively active and domi-
nant-negative forms of CREB (CREBYF and CREBSA, respec-
tively) (Figure 8A; Dong et al., 2006; Du et al., 2000). We first
confirmed their abilities to induce CRE-mediated transcription
using a transient transfection assay in HEK293 cells. When
cotransfected with a CRE-luciferase reporter plasmid, CREBSA
significantly inhibited CREB activity in cells; by contrast,
CREBYF was five times more active than CREBWT (Figure 8B).
Acute expression of constitutively active CREB in hippocampal
neurons increased the protein levels of KIF17, NR2B, and NR2A
(Figures 8C and 8D). The kif17 and nr2b mRNA levels were also
increased, but the nr2a level was not (Figures 8E and 8F). Inhibi-
tion of CREB activity by expression of a dominant-negative form
of CREB caused significant decreases in the mRNA and protein
levels for NR2B and in the mRNA level for KIF17 (Figures 8E
and 8F). These data suggest that activation of CREB upregulates
KIF17 and NR2B by increasing the transcription of each coding
gene, but that othermechanisms underlie the increase in the level
of NR2A.
DISCUSSION
Cargoes Transported by KIF17
KIF17 has been implicated in the transport of NR2B subunits
(Guillaud et al., 2003; Setou et al., 2000). Consistently, our results
revealed a decreased level of motility of NR2B-EGFP clusters
(Figures 2G–2J; Movie S1), but normal motility of NR2A-EGFP
clusters (Figures 2K–2N; Movie S2) in kif17/ mouse neurons.
These data suggest that KIF17 transports the NR2B subunit,
but not the NR2A subunit. The NR2A subunit is likely to be trans-
ported by a different molecular motor.
Recent papers have shown data suggesting that Kv4.2 and
other neurotransmitter receptors, namely GluR5 and KA2, mightregulation followingNR2BKnockdownorNeuronal Activity Blockade
ith NR2BmiRNA and an EGFP expression vector which served as a marker. At
ntibodies. (A) Immunofluorescence for NR2B in the soma (asterisks, a–c) and
oexpression of an NR2B miRNA with an miRNA-resistant NR2B cDNA (NR2B
s 20 mm. (B) Immunofluorescence for NR2A in the soma (asterisks, a–c) and
e or presence (m–r) of lactacystin. The scale bar represents 20 mm. (C and D)
f NR2BmiRNA. An NR2B expression vector was transfected into HEK293 cells
nalysis was conducted 48 hr after transfection.
ression. Hippocampal neurons were treated with ifenprodil (Ifen, 3 mM) or TTX
ion. Hippocampal neurons were incubated with actinomycin D (Act D, 10 mg/ml)
ipitated then subjected to probing for ubiquitin. Total cell extracts were also
ndent experiments (*p < 0.05; two-tailed t test or post hoc test).
Neuron 70, 310–325, April 28, 2011 ª2011 Elsevier Inc. 317
Figure 5. Electrophysiological Analysis
(A) Input-output relationships of fEPSPs in kif17+/+ (open symbols) and kif17/ (filled symbols) slices. Each symbol represents a set of experiments from a single
slice. Traces show representative fEPSPs obtained with four different stimulus intensities.
(B) Paired-pulse facilitation (PPF) of fEPSPs was measured using pairs of presynaptic fiber stimulation pulses separated by 20, 50, 100, and 200 ms. For each
group, the means ± SEM are indicated.
(C) Current-voltage relationship of NMDA receptor channel currents recorded in kif17+/+ (open circles) and kif17/ (filled circles) mouse slices. Current ampli-
tudes were normalized to the values at +40 mV EPSC. Values are means ± SEM.
(D) Reduced synaptic NMDA currents in kif17/ slices. Ifenprodil (3 mM) and Ro25-6981 (5 mM) had less effect on NMDA EPSCs in kif17/ slices compared with
those in kif17+/+ slices. Values are expressed as means ± SEM (*p < 0.01; two-tailed t test).
(E) AMPA EPSCs (downward) and NMDA EPSCs (upward) recorded at –90 mV and +40 mV, respectively. Application of APV (50 mM) completely eliminated the
NMDA-mediated EPSCs in both kif17+/+ and kif17/ slices.
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2007). We studied the expression of Kv4.2, GluR5, and KA2 in
the kif17/ mouse hippocampus. No significant differences in
the levels of these proteins were observed between kif17+/+
and kif17/ mice (Figure 1B). One possibility is that some
molecular motors other than KIF17 support the transport of
these proteins, compensating for the loss of function of KIF17
in kif17/ neurons.
Decreased Levels of NR2A and NR2B in kif17–/– Mouse
Neurons
Interestingly, significant reductions in the levels of both NR2B
and NR2A in kif17/ mouse synapses were observed (Figures
1G, 2A–2F, and S2B). Further analysis revealed that the level of
NR2A in kif17/ mouse neurons is downregulated at a post-
translational level, but that of NR2B is downregulated at a tran-
scriptional level (Figures 1B–1F and 3A–3C).
The NR2A level is decreased in kif17/mouse neurons due to
its accelerated degradation in dendrites (Figures 3I and 3L).
Consistent with this finding, other investigators have reported
that NR2A-containing NMDA receptors are easily degraded
(Yashiro and Philpot, 2008), whereas the NR2B subunit is prefer-
entially driven to a recycling pathway (Lavezzari et al., 2004; Scott
et al., 2004). We also showed that the NR2A degradation is
dependent on the ubiquitin-proteasome system (Figures 3D–3F).
Considering these data together with studies reporting KIF17-
mediated NR2B transport (Guillaud et al., 2003; Setou et al.,
2000), it is plausible that the accelerated NR2A degradation is
caused by the reduction in NR2B transport in kif17/ mouse
neurons. Supporting this view, other studies have shown that
NR2A-containing receptors replace preexisting synaptic NR2B
receptors in an activity-dependent manner (Barria and Malinow,
2002), and that NR2B is essential to maintain NR2A levels in
neurons (Kim et al., 2005).
Consistently, our micro-RNA (miRNA) RNA interference
knockdown and pharmacological approaches clearly demon-
strated that loss of NR2B function results in decreased levels
of NR2A via an increase in the proteasome-mediated degrada-
tion of NR2A (Figure 4).
Interestingly, total blockade of neuronal activity by TTX
reduced NR2A levels but increased NR2B levels (Figures 4G
and 4H), as reported previously (Bessho et al., 1994; Ehlers,
2003; Hoffmann et al., 2000; Philpot et al., 2001; Quinlan et al.,
1999). These data suggest that there are multiple pathways
that control the levels of NR2A/2B in vivo.
Based on these data, we consider that the levels of NR2A and
NR2B are decreased in kif17/ mouse neurons via different(F) Lower ifenprodil/Ro25-6981 sensitivity in kif17/ slices (means ± SEM, *p <
(G) Reduced E-LTP expression in kif17/ slices (means ± SEM, fEPSP slope at 6
applied to induce E-LTP. Traces show typical fEPSPs recorded at the indicated
(H) L-LTP in slices from control mice inhibited by anisomycin and actinomycin
incubation with anisomycin (40 mM) or actinomycin-D (40 mM).
(I) Impaired L-LTP in kif17/ slices (means ± SEM, fEPSP slope at 210min, p < 0.0
5 min intervals. Traces show the fEPSP responses recorded at the indicated tim
(J) Lack of LTD in kif17/ slices (means ± SEM, fEPSP slope at 45min after train, p
evoke synaptically-induced, NMDA receptor-dependent LTD. Traces show typic
For all experiments, a single slice was used for one animal.pathways, as follows: (1) primarily, a lack of KIF17-mediated
transport of NR2B results in a decrease in the level of synaptic
NR2B in kif17/mouse neurons. Synthesis of NR2B is downre-
gulated through reduced activity of CREB (Figure 8G, lower left
panel). (2) The decrease in NR2B level facilitates the ubiquitin-
dependent degradation of NR2A. Collectively, downregulation
of NR2B and NR2A occurs differentially, but correlatively, in
kif17/ mouse neurons.
Role of KIF17 in the Memory Process
The encoding of new information is a complicated affair,
including several sequential phases such as acquisition, consol-
idation, and retrieval. Although it was traditionally considered
that NMDA receptors are required only for the induction of
synaptic plasticity and the acquisition of memory (Hanse and
Gustafsson, 1994; Bliss and Collingridge, 1993), growing
evidence suggests that they are involved in a multistage role in
memory formation: recent reports using inducible, subregion-
specific gene knockout approaches have shown the dynamic
engagement of NMDA receptor in the consolidation and storage
of memory (Cui et al., 2005; Shimizu et al., 2000; Wittenberg and
Tsien, 2002; Wittenberg et al., 2002). Furthermore, pharmaco-
logical manipulations have also demonstrated an involvement
of hippocampal NMDA receptors in both the acquisition and
expression of various types of memories (Gao et al., 2009; Quinn
et al., 2005).
Kif17/ mice exhibited a hippocampus-dependent memory
disturbance in several tasks (Figures 6A–6M). It is noteworthy
that using contextual fear conditioning, a useful tool permitting
the study of different temporal phases of memory, we showed
that the genetic deletion of kif17 disrupted memory acquisition,
as assessed 1 hr after training (Figures 6H and 6I). As a gating
switch, the decrease in the level of synaptic NMDA receptors
in kif17/ neurons leads to reductions in E-LTP and LTD
(Figures 5G and 5J), which should causally relate to the impaired
memory acquisition observed in kif17-/- mice. On the other hand,
long-term contextual memory was also attenuated in kif17/
mice, as measured at 24 hr and 7 days after training (Figures
6J–6M). Importantly, in our electrophysiological study, kif17/
slices showed a deficit in L-LTP (Figure 5I), a neuronal event
mimicking the in vivo process of memory consolidation. Thus,
the impaired long-term memory of fear conditioning in kif17/
mice may reflect an effect not only on the acquisition of memory,
but also on processes related to consolidation. Consistently,
further in vitro (Figures 7A–7C) and in vivo (Figures 7D–7K and
8C–8F) experiments identified activity-dependent transcriptional
control of the genes encoding KIF17 and NR2B by CREB. This0.05; two-tailed t test).
0 min, p < 0.01; two-tailed t test). A single train of tetanus (100 Hz for 1 s) was
time points. Data are expressed as means ± SEM.
-D with distinct kinetic profiles. The horizontal bar represents the period of
1; two-tailed t test). L-LTPwas inducedwith four trains of tetanus separated by
e points.
< 0.05; two-tailed t test). A low frequency train of 1 Hz for 15minwas applied to
al fEPSPs recorded at the indicated time points.
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Figure 6. Behavioral Tests
(A and B) Novel object recognition test.
(A) Exploratory preference during training session. The dotted line represents
chance performance.
(B) Exploratory preference in the retention test.
(C–G) Performance in the Morris water maze task. (C) Swimming velocity
acrosswatermaze training. (D) Escape latency over training sessions. (E and F)
Comparison of quadrant time (E) and platform crossing numbers (F) in the
probe test. The horizontal dotted line at 25% in (E) indicates chance perfor-
mance. TQ, target quadrant; AL, adjacent left; OP, opposite; AR, adjacent
right. (G) Representative searching strategy in the probe test.
(H–K) Contextual fear memory. (H) Contextual freezing responses at 1 hr after
conditioning. (I) Mean percentage freezing time averaged every minute during
the 5 min test at 1 hr after conditioning. (J) Contextual freezing responses at
24 hr after conditioning. (K) Mean percentage freezing time averaged every
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consolidation of long-term memory in kif17/ mice. Based on
these findings, it is considered that kif17/ mice have defects
in multiple phases of long-term memory formation.
Memory- and CREB-Mediated Transcriptional Control
of KIF17 Expression
The level of KIF17/NR2B is increased in response to synaptic
inputs. This process is mediated by CREB activation. A func-
tional relationship between KIF17/NR2B and CREB is sug-
gested on the basis of the following evidence: (1) CREB
activation was impaired in kif17/ mouse neurons (Figures
7A–7C). (2) Training for spatial memory formation upregulated
KIF17, NR2B/2A, and pCREB in the hippocampus (Figures
7D–7K). (3) Absence of KIF17 blocked the upregulation of
pCREB, NR2B, and NR2A induced by spatial memory tasks
(Figures 7D–7K). (4) Expression of a dominant-negative form of
CREB suppressed kif17 and nr2b transcription and decreased
the amount of NR2B (Figures 8C–8F). (5) Expression of constitu-
tively active CREB increased the levels of kif17 and nr2b
transcription and increased the levels of KIF17 and NR2B. The
NR2A level was also increased without alteration of nr2a tran-
scription (Figures 8C–8F). Our previous work provides further
supporting evidence, namely, (6) the upstream promoter
regions of kif17 and nr2b contain CREB binding sites, and (7)
overexpression of KIF17 resulted in an increase in the level of
pCREB, concomitant with enhanced spatial memory (Wong
et al., 2002).
Taking all of these findings into account, it is suggested that
the reciprocal enhancement of KIF17-mediated transport and
CREB phosphorylation works in concert to fine-tune synaptic
plasticity and thereby is important in memory formation (Fig-
ure 8G). In this scheme, KIF17 acts not only as a mediator for
constitutive receptor transport, but also as a key player in the
‘‘augmented NR supply during memory formation’’ (Figure 8G).
In brief, when synapses are activated, transcription of kif17
and nr2b is induced by CREB, resulting in an increase in the
levels of KIF17 and NR2B. This increase leads to increased
transport and further synaptic accumulation of NR2B.
Conversely, in kif17/ neurons, failure of the reciprocal regula-
tion between KIF17/NR2B and CREB, as well as the accelerated
degradation of NR2A mediated by the ubiquitin-proteasome
system, could contribute to the memory disturbances found in
kif17/ mice.
In conclusion, the present study establishes a role for KIF17-
mediated NMDA receptor transport in multiple phases of long-
term memory in vivo.
EXPERIMENTAL PROCEDURES
Detailed information is provided in the Supplemental Information.minute during the 5 min test at 24 hr after conditioning. (L) Contextual freezing
responses at 7 days after conditioning. (M) Mean percentage freezing time
averaged every minute during the 5 min test at 7 days after conditioning.
For all statistical analysis, data are expressed as means ± SEM (*p < 0.05;
two-tailed t test and post hoc test). See also Movies S3, S4, and S5.
Figure 7. CREB Responses in kif17–/– Mice
(A–C) Phosphorylated CREB immunocytochemistry (A),
immunoblots (B), and immunoblot quantification (C) of kif17+/+
and kif17/ neurons before and after glutamate exposure.
The scale bar represents 50 mm. Values (means ± SEM) were
accumulated from three independent experiments (*p < 0.05;
post hoc test).
(D–I) CREB phosphorylation in hippocampal CA1 (D and E),
CA3 (F and G), and DG (H and I) regions from kif17+/+ and
kif17/ mice during spatial memory formation. The scale bar
represents 50 mm. Naive: before training; Visible: after visible-
platform training; Hidden: after hidden-platform training.
Values are expressed as means ± SEM, and four animals of
each genotype were examined (*p < 0.05; post hoc test).
(J and K) Levels of KIF17, NRs and pCREB in the kif17+/+ and
kif17/ mouse hippocampus before and after hidden-plat-
form training. N: naive;M:Morris water maze training. Data are
means ± SEM (*, significantly different from wild-type naive
controls, p < 0.05; post hoc test).
See also Figure S8.
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Detailed information is provided in the Supplemental Information.
Immunoprecipitation, Immunoblotting, and Subcellular
Fractionation
Detailed information about the methods used for immunoprecipitation, immu-
noblotting, and subcellular fractionation is provided in the Supplemental Infor-
mation. Subcellular fractionation was conducted as described previously
(Dunah and Standaert, 2001).NeuronSemiquantitative Reverse Transcriptase Polymerase
Chain Reaction (RT-PCR) and mRNA Stability
Measurement
Total RNA was isolated from mouse hippocampi or cultured
hippocampal neurons using an Agilent Total RNA Isolation
Mini Kit (Agilent Technologies), and semiquantitative RT-PCR
was performed as described in the Supplemental Information.
To determine the stability of RNAs for the NR2B and NR2A
receptor subunits, hippocampal neuronal cells at 7 days
in vitro (d.i.v.) were incubated with actinomycin D (Act D,
10 mg/ml, Sigma) to inhibit transcription. Samples for RNA
analysis were collected at 0, 6, 12, and 24 hr, respectively.
Immunohistochemistry
Paraffin sections (5 mm) or microslicer sections (25 mm)
through the hippocampus were prepared for immunohisto-
chemistry experiments. Detailed information is presented in
the Supplemental Information.
Cell Cultures, Constructs and Transfection,
Immunocytochemistry
Detailed information is provided in the Supplemental
Information.
Live Imaging
To perform time-lapse imaging of NR2B-EGFP and NR2A-
EGFP, after 7 days of culture, hippocampal neurons were co-
transfected with untagged NR1-1a/NR2B-EGFP or untagged
NR1-1a/NR2A-EGFP vectors. Thirty-six to forty-eight hours
after transfection, living neurons were observed under an
LSM 5 Duo confocal laser-scanning microscope (Carl Zeiss,
Germany). Movement of NR2B and NR2A clusters along
dendrites wasmonitored over time, and imageswere acquired
every 4 s. Determination of cluster velocity was performedusing high frame-rate acquisition (one frame per second) for 30 s. The path
of individual vesicles was traced, and distances were evaluated using LSM 5
Duo software. All images were processed using Photoshop 7.0 (Adobe, San
Jose, CA) and further edited as a video file using After Effects (Adobe). The
analysis and graphical representation were performed using ImageJ and
GraphPad Prism (San Diego, CA).
To monitor NR2 subunit degradation, hippocampal neurons at 7 d.i.v. were
transfected with untagged NR1-1a and NR2A-PA-GFP or NR2B-PA-GFP, and
then imaged at 10 d.i.v. Upon photoactivation with 405 nm laser light,70, 310–325, April 28, 2011 ª2011 Elsevier Inc. 321
Figure 8. Functional Interaction Between KIF17/NR and CREB
(A) CREB constructs. CREBWT: wild-type form of CREB; CREBSA: dominant-negative form of CREBwith a mutation of S133 to A; CREBYF: constitutively active
form of CREB with a mutation of Y134 to F.
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NR2B-PA-GFP-expressing cells. When needed, neurons were pretreated
with MG132 (10 mM). Images were captured at 37C using an LSM5Duo
confocal microscope (Carl Zeiss). Each cell was observed for 6 hr. Conditions
were kept constant throughout each experiment and between experiments.
Protein levels of NR2A or NR2B in neuronal soma and synapses were esti-
mated by normalizing for the intensity of PA-GFP fluorescence.
Cell Surface Biotinylation Assay
Hippocampal neurons at 6 d.i.v. were cotransfected with untagged NR1-1a
and NR2B-EGFP. After 48 hr, cell surface proteins were biotinylated with
Sulfo-NHS-SS-Biotin and isolated with NeutrAvidin beads using a cell surface
protein isolation kit (Pierce Biotechnology), as described in the manufacturer’s
protocol. Bound proteins were then eluted with SDS-PAGE sample buffer
(containing 50 mM DTT) and processed for Western blotting analysis. The
data were quantified by measuring surface receptor to total receptor band
intensity ratios using ImageJ software, and the mean ± SEM values were ob-
tained from three independent experiments.
Turnover Analysis
Cultured hippocampal neurons (7 d.i.v.) were treated with 20 mg/ml cyclohex-
imide (CHX, Sigma) for 0, 6, 12, and 24 hr. Cells were harvested and probed
with anti-NR2A, NR2B and tubulin antibodies. Values are average signal inten-
sities (means ± SEM) for NR2A or NR2B compared with the signal intensity for
tubulin and normalized to 100% at time 0; values were obtained from six inde-
pendent experiments. At the indicated time, cells were labeled with 4.0 mM
CMFDA (Molecular Probes), a fluorescent tracer that diffuses through the
membranes of live cells, and the numbers and densities of CMFDA-positive
cells were calculated.
Electrophysiology
Transverse hippocampal slices from mice (25–35 days old) were rapidly
prepared and incubated in artificial cerebrospinal fluid (ACSF). For the EPSCs
and fEPSP recordings in the CA1 region, detailed information is provided in the
Supplemental Information.
Behavioral Tests
Adult kif17+/+ and kif17/ male mice (10- 12-week-old littermates, n = 12)
were used throughout the behavioral tests. One-way ANOVA and a post hoc
Duncan’s test were used to determine the effect of genotype on behavioral
preference.
SUPPLEMENTAL INFORMATION
Supplemental Information includes eight figures, five movies, and Supple-
mental Experimental Procedures and can be found with this article online at
doi:10.1016/j.neuron.2011.02.049.
ACKNOWLEDGMENTS
We thank M. Hollman (Ruhr University) and S. Okabe (The University of Tokyo)
for providing NR1 cDNA, A. Barria (Washington University) and R. Malinow
(University of California, San Diego) for providing NR2B/NR2A-EGFP(B) Luciferase assay comparing activity of CREB constructs following cotransfecti
were obtained from six independent experiments (*p < 0.05; post hoc test).
(C–F) Effects of constitutively active CREB (CREBYF) and dominant-negative CRE
and NR2B/2A. Values are means ± SEM from six experiments (*, significantly dif
(G) KIF17 transports NR2B, but not NR2A (upper left panel). In kif17/mouse neu
transport remains intact. Loss of KIF17 also results in reduced levels of nr2b mR
panel), and also in acceleration of ubiquitin–proteasome system-dependent deg
On the other hand, in kif17+/+ mouse neurons, synaptic inputs upregulate NR2B
increased by an unidentified mechanism. From these data, it is concluded that KI
activity-dependent manner and affects degradation of NR2A in dendrites. KIF
insufficient levels of NR2A/2B.constructs, M. Watanabe (Hokkaido University) for providing anti-NR2D anti-
body, and T. Hensch (RIKEN) andH. Katagiri (RIKEN) for their help and sugges-
tions about electrophysiology. We also thank Masahiko Kawagishi and Kei-
suke Yamamoto, and all other members of Hirokawa Laboratory for their
help and discussion. This work was supported by a grant-in-aid for specially
promoted research to N.H. from the Ministry of Education, Culture, Science,
Sports and Technology of Japan.
Accepted: February 7, 2011
Published: April 27, 2011REFERENCES
Barria, A., and Malinow, R. (2002). Subunit-specific NMDA receptor trafficking
to synapses. Neuron 35, 345–353.
Bessho, Y., Nawa, H., and Nakanishi, S. (1994). Selective up-regulation of
an NMDA receptor subunit mRNA in cultured cerebellar granule cells by
K(+)-induced depolarization and NMDA treatment. Neuron 12, 87–95.
Bliss, T.V., and Collingridge, G.L. (1993). A synaptic model of memory: Long-
term potentiation in the hippocampus. Nature 361, 31–39.
Bourtchuladze, R., Frenguelli, B., Blendy, J., Cioffi, D., Schutz, G., and Silva,
A.J. (1994). Deficient long-term memory in mice with a targeted mutation of
the cAMP-responsive element-binding protein. Cell 79, 59–68.
Carroll, R.C., and Zukin, R.S. (2002). NMDA-receptor trafficking and targeting:
implications for synaptic transmission and plasticity. Trends Neurosci. 25,
571–577.
Cassaday, H.J., and Rawlins, J.N. (1997). The hippocampus, objects, and their
contexts. Behav. Neurosci. 111, 1228–1244.
Chu, P.J., Rivera, J.F., and Arnold, D.B. (2006). A role for KIF17 in transport of
Kv4.2. J. Biol. Chem. 281, 365–373.
Costa-Mattioli, M., Gobert, D., Stern, E., Gamache, K., Colina, R., Cuello, C.,
Sossin, W., Kaufman, R., Pelletier, J., Rosenblum, K., et al. (2007). eIF2a phos-
phorylation bidirectionally regulates the switch from short- to long-term
synaptic plasticity and memory. Cell 129, 195–206.
Cui, Z., Lindl, K.A., Mei, B., Zhang, S., and Tsien, J.Z. (2005). Requirement of
NMDA receptor reactivation for consolidation and storage of nondeclarative
taste memory revealed by inducible NR1 knockout. Eur. J. Neurosci. 22,
755–763.
Dingledine, R., Borges, K., Bowie, D., and Traynelis, S.F. (1999). The glutamate
receptor ion channels. Pharmacol. Rev. 51, 7–61.
Dong, Y., Green, T., Saal, D., Marie, H., Neve, R., Nestler, E.J., and Malenka,
R.C. (2006). CREBmodulates excitability of nucleus accumbens neurons. Nat.
Neurosci. 9, 475–477.
Du, K., Asahara, H., Jhala, U.S., Wagner, B.L., and Montminy, M. (2000).
Characterization of a CREB gain-of-function mutant with constitutive tran-
scriptional activity in vivo. Mol. Cell. Biol. 20, 4320–4327.
Dunah, A.W., and Standaert, D.G. (2001). Dopamine D1 receptor-dependent
trafficking of striatal NMDA glutamate receptors to the postsynaptic
membrane. J. Neurosci. 21, 5546–5558.onwith a CRE-luciferase reporter plasmid in HEK293 cells. Data (means ± SEM)
B (CREBSA) on the protein levels (C and D) andmRNA levels (E and F) for KIF17
ferent from CREBWT controls, p < 0.05; post hoc test).
rons, the lack of KIF17 leads to impairment of NR2B transport, whereas NR2A
NA and NR2B via CREB-mediated transcriptional downregulation (lower left
radation of NR2A in dendrites (lower right panel).
and KIF17 through CREB activity (upper right panel). The NR2A level is also
F17 supports the levels of NR2A/2B. It controls transcription of nr2b gene in an
17 knockout mice exhibit impairments in learning and memory because of
Neuron 70, 310–325, April 28, 2011 ª2011 Elsevier Inc. 323
Neuron
Molecular Motor KIF17 in Memory FormationEhlers, M.D. (2003). Activity level controls postsynaptic composition and
signaling via the ubiquitin-proteasome system. Nat. Neurosci. 6, 231–242.
Evans, J.E., Snow, J.J., Gunnarson, A.L., Ou, G., Stahlberg, H., McDonald,
K.L., and Scholey, J.M. (2006). Functional modulation of IFT kinesins extends
the sensory repertoire of ciliated neurons in Caenorhabditis elegans. J. Cell
Biol. 172, 663–669.
Frey, U., andMorris, R.G. (1997). Synaptic tagging and long-term potentiation.
Nature 385, 533–536.
Fukaya, M., Kato, A., Lovett, C., Tonegawa, S., and Watanabe, M. (2003).
Retention of NMDA receptor NR2 subunits in the lumen of endoplasmic retic-
ulum in targeted NR1 knockout mice. Proc. Natl. Acad. Sci. USA 100, 4855–
4860.
Gao, C., Gill, M.B., Tronson, N.C., Guedea, A.L., Guzman, Y.F., Huh, K.H.,
Corcoran, K.A., Swanson, G.T., and Radulovic, J. (2009). Hippocampal
NMDA receptor subunits differentially regulate fear memory formation and
neuronal signal propagation. Hippocampus 20, 1072–1082.
Guillaud, L., Setou, M., and Hirokawa, N. (2003). KIF17 dynamics and regula-
tion of NR2B trafficking in hippocampal neurons. J. Neurosci. 23, 131–140.
Guillaud, L., Wong, R., and Hirokawa, N. (2008). Disruption of KIF17-Mint1
interaction by CaMKII-dependent phosphorylation: a molecular model of kine-
sin-cargo release. Nat. Cell Biol. 10, 19–29.
Hanse, E., and Gustafsson, B. (1994). Onset and stabilization of NMDA
receptor-dependent hippocampal long-term potentiation. Neurosci. Res. 20,
15–25.
Hatanaka, K., Ikegami, K., Takagi, H., and Setou, M. (2006). Hypo-osmotic
shock induces nuclear export and proteasome-dependent decrease of
UBL5. Biochem. Biophys. Res. Commun. 350, 610–615.
Hirokawa, N., and Takemura, R. (2005). Molecular motors and mechanisms of
directional transport in neurons. Nat. Rev. Neurosci. 6, 201–214.
Hirokawa, N., Niwa, S., and Tanaka, Y. (2010). Molecular motors in neurons:
transport mechanisms and roles in brain function, development, and disease.
Neuron 68, 610–638.
Hoffmann, H., Gremme, T., Hatt, H., and Gottmann, K. (2000). Synaptic
activity-dependent developmental regulation of NMDA receptor subunit
expression in cultured neocortical neurons. J. Neurochem. 75, 1590–1599.
Impey, S., Smith, D.M., Obrietan, K., Donahue, R., Wade, C., and Storm, D.R.
(1998). Stimulation of cAMP response element (CRE)-mediated transcription
during contextual learning. Nat. Neurosci. 1, 595–601.
Jenkins, P.M., Hurd, T.W., Zhang, L., McEwen, D.P., Brown, R.L., Margolis, B.,
Verhey, K.J., andMartens, J.R. (2006). Ciliary targeting of olfactory CNG chan-
nels requires the CNGB1b subunit and the kinesin-2 motor protein, KIF17.
Curr. Biol. 16, 1211–1216.
Kayadjanian, N., Lee, H.S., Pin˜a-Crespo, J., and Heinemann, S.F. (2007).
Localization of glutamate receptors to distal dendrites depends on subunit
composition and the kinesin motor protein KIF17. Mol. Cell. Neurosci. 34,
219–230.
Kelleher, R.J., 3rd, Govindarajan, A., Jung, H.Y., Kang, H., and Tonegawa, S.
(2004). Translational control byMAPK signaling in long-term synaptic plasticity
and memory. Cell 116, 467–479.
Kim, J.J., and Fanselow, M.S. (1992). Modality-specific retrograde amnesia of
fear. Science 256, 675–677.
Kim, M.J., Dunah, A.W., Wang, Y.T., and Sheng, M. (2005). Differential roles of
NR2A- and NR2B-containing NMDA receptors in Ras-ERK signaling and
AMPA receptor trafficking. Neuron 46, 745–760.
Lau, C.G., and Zukin, R.S. (2007). NMDA receptor trafficking in synaptic plas-
ticity and neuropsychiatric disorders. Nat. Rev. Neurosci. 8, 413–426.
Lavezzari, G., McCallum, J., Dewey, C.M., and Roche, K.W. (2004). Subunit-
specific regulation of NMDA receptor endocytosis. J. Neurosci. 24, 6383–
6391.
Lawrence, C.J., Dawe, R.K., Christie, K.R., Cleveland, D.W., Dawson, S.C.,
Endow, S.A., Goldstein, L.S., Goodson, H.V., Hirokawa, N., Howard, J.,
et al. (2004). A standardized kinesin nomenclature. J. Cell Biol. 167, 19–22.324 Neuron 70, 310–325, April 28, 2011 ª2011 Elsevier Inc.Lonze, B.E., and Ginty, D.D. (2002). Function and regulation of CREB family
transcription factors in the nervous system. Neuron 35, 605–623.
Martin, S.J., Grimwood, P.D., and Morris, R.G. (2000). Synaptic plasticity and
memory: An evaluation of the hypothesis. Annu. Rev. Neurosci. 23, 649–711.
Miki, H., Setou, M., Kaneshiro, K., and Hirokawa, N. (2001). All kinesin super-
family protein, KIF, genes in mouse and human. Proc. Natl. Acad. Sci. USA 98,
7004–7011.
Mizuno, M., Yamada, K., Maekawa, N., Saito, K., Seishima, M., and
Nabeshima, T. (2002). CREB phosphorylation as a molecular marker of
memory processing in the hippocampus for spatial learning. Behav. Brain
Res. 133, 135–141.
Monyer, H., Burnashev, N., Laurie, D.J., Sakmann, B., and Seeburg, P.H.
(1994). Developmental and regional expression in the rat brain and functional
properties of four NMDA receptors. Neuron 12, 529–540.
Myhrer, T. (1988). Exploratory behavior and reaction to novelty in rats with
hippocampal perforant path systems disrupted. Behav. Neurosci. 102,
356–362.
O’Brien, R.J., Kamboj, S., Ehlers, M.D., Rosen, K.R., Fischbach, G.D., and
Huganir, R.L. (1998). Activity-dependent modulation of synaptic AMPA
receptor accumulation. Neuron 21, 1067–1078.
Patterson, G.H., and Lippincott-Schwartz, J. (2002). A photoactivatable GFP
for selective photolabeling of proteins and cells. Science 297, 1873–1877.
Phillips, R.G., and LeDoux, J.E. (1992). Differential contribution of amygdala
and hippocampus to cued and contextual fear conditioning. Behav.
Neurosci. 106, 274–285.
Philpot, B.D., Sekhar, A.K., Shouval, H.Z., and Bear, M.F. (2001). Visual expe-
rience and deprivation bidirectionally modify the composition and function of
NMDA receptors in visual cortex. Neuron 29, 157–169.
Pittenger, C., Huang, Y.Y., Paletzki, R.F., Bourtchouladze, R., Scanlin, H.,
Vronskaya, S., and Kandel, E.R. (2002). Reversible inhibition of CREB/ATF
transcription factors in region CA1 of the dorsal hippocampus disrupts hippo-
campus-dependent spatial memory. Neuron 34, 447–462.
Quinlan, E.M., Philpot, B.D., Huganir, R.L., and Bear, M.F. (1999). Rapid, expe-
rience-dependent expression of synaptic NMDA receptors in visual cortex
in vivo. Nat. Neurosci. 2, 352–357.
Quinn, J.J., Loya, F., Ma, Q.D., and Fanselow, M.S. (2005). Dorsal hippo-
campus NMDA receptors differentially mediate trace and contextual fear
conditioning. Hippocampus 15, 665–674.
Rampon, C., Tang, Y.P., Goodhouse, J., Shimizu, E., Kyin, M., and Tsien, J.Z.
(2000). Enrichment induces structural changes and recovery from nonspatial
memory deficits in CA1 NMDAR1-knockout mice. Nat. Neurosci. 3, 238–244.
Sakimura, K., Kutsuwada, T., Ito, I., Manabe, T., Takayama, C., Kushiya, E.,
Yagi, T., Aizawa, S., Inoue, Y., Sugiyama, H., et al. (1995). Reduced hippo-
campal LTP and spatial learning in mice lacking NMDA receptor 3 1 subunit.
Nature 373, 151–155.
Schliwa, M. (2002). Molecular Motors (Berlin: Wiley-VCH).
Scott, D.B., Michailidis, I., Mu, Y., Logothetis, D., and Ehlers, M.D. (2004).
Endocytosis and degradative sorting of NMDA receptors by conserved
membrane-proximal signals. J. Neurosci. 24, 7096–7109.
Setou, M., Nakagawa, T., Seog, D.H., and Hirokawa, N. (2000). Kinesin super-
family motor protein KIF17 and mLin-10 in NMDA receptor-containing vesicle
transport. Science 288, 1796–1802.
Shimizu, E., Tang, Y.P., Rampon, C., and Tsien, J.Z. (2000). NMDA receptor-
dependent synaptic reinforcement as a crucial process for memory consolida-
tion. Science 290, 1170–1174.
Silva, A.J., Paylor, R., Wehner, J.M., and Tonegawa, S. (1992). Impaired spatial
learning in alpha-calcium-calmodulin kinase II mutant mice. Science 257,
206–211.
Tai, H.C., and Schuman, E.M. (2008). Ubiquitin, the proteasome and protein
degradation in neuronal function and dysfunction. Nat. Rev. Neurosci. 9,
826–838.
Neuron
Molecular Motor KIF17 in Memory FormationTang, Y.P., Shimizu, E., Dube, G.R., Rampon, C., Kerchner, G.A., Zhuo, M.,
Liu, G., and Tsien, J.Z. (1999). Genetic enhancement of learning and memory
in mice. Nature 401, 63–69.
Tsien, J.Z., Huerta, P.T., and Tonegawa, S. (1996). The essential role of hippo-
campal CA1 NMDA receptor-dependent synaptic plasticity in spatial memory.
Cell 87, 1327–1338.
Watanabe, M., Inoue, Y., Sakimura, K., and Mishina, M. (1993). Distinct distri-
butions of five N-methyl-D-aspartate receptor channel subunit mRNAs in the
forebrain. J. Comp. Neurol. 338, 377–390.
West, A.E., Griffith, E.C., and Greenberg, M.E. (2002). Regulation of transcrip-
tion factors by neuronal activity. Nat. Rev. Neurosci. 3, 921–931.
Wittenberg, G.M., and Tsien, J.Z. (2002). An emerging molecular and cellular
framework for memory processing by the hippocampus. Trends Neurosci.
25, 501–505.Wittenberg, G.M., Sullivan, M.R., and Tsien, J.Z. (2002). Synaptic reentry rein-
forcement based network model for long-term memory consolidation.
Hippocampus 12, 637–647.
Wong, R.W., Setou, M., Teng, J., Takei, Y., and Hirokawa, N. (2002).
Overexpression of motor protein KIF17 enhances spatial and working memory
in transgenic mice. Proc. Natl. Acad. Sci. USA 99, 14500–14505.
Yashiro, K., and Philpot, B.D. (2008). Regulation of NMDA receptor subunit
expression and its implications for LTD, LTP, and metaplasticity.
Neuropharmacology 55, 1081–1094.
Yi, J.J., and Ehlers, M.D. (2007). Emerging roles for ubiquitin and protein
degradation in neuronal function. Pharmacol. Rev. 59, 14–39.
Zhu, J.J., Qin, Y., Zhao, M., Van Aelst, L., andMalinow, R. (2002). Ras and Rap
control AMPA receptor trafficking during synaptic plasticity. Cell 110,
443–455.Neuron 70, 310–325, April 28, 2011 ª2011 Elsevier Inc. 325
